ABSTRACT-The harpacticoid copepod Cletocamptus confluens (Schmeil 1894), which inhabits mud pools of sheltered shallow water bays, was studied to analyse its ability to survive in anoxia and sulphidic anoxia, its normoxic oxygen consumption, and its glycogen content. In addition, the impact of anoxia and sulphide on the viability of eggs and the time-scale of development of nauplii and copepodids was investigated. AI1 measurc'ments were carried out on laboratory-reared specimens. The mean survival rate of non-gravid females dld not drop below 9Gu,> after 96 h of exposure to both anoxia and sulphidic anoxia. Males and egg sac bearing females showed lower survival rates. The weight-specific glycogen content of non-gravid females (891 8 ? 51.0 pm01 glycosyl units g-' dw) was more than twice as high as that of males (404.3 i 31.4 pm01 glycosyl units g-' dw) and decreased to about 63% during 96 h exposure to anoxic and anoxic/sulphidic conditions. The weight-spccific oxygen consumption of males and non-gravid females amounted to 223.8 i 61.7 and 59.7 z 8.1 pm01 O2 g-' dw h-', respectively. The viability of eggs was not affected during 96 h of anoxia and sulphidic anoxia, and hatching of nauplii was delayed for the period of exposure. The developmental time of nauplii and copepodids from eggs incubated in anoxic or anoxic/sulphidic conditions did not dlffer from that of the normoxic controls. Sex-specific responses to anoxia and possible consequences for population dynamlcs of C. confluens are discussed.
INTRODUCTION
The chemical environment in semi-isolated mud pools of the southwest Baltic shore is defined by periods of intense sulphide production. Sulphide not only provides energy for microbial metabolism, but acts as a potent inhibitor of cytochrome c oxidase and is thus toxic for most aerobic metazoans (National Research Council 1979 , Bagarinao 1992 , Grieshaber & Volkel 1998 . Meiofauna colonising the interface between the pools' mud and stagnant bottom water are exposed to steep and temporally variable gradients of sulphide, oxygen and pH. The transition zone between oxygen and sulphide (chemocline) is often restricted to sediment strata of some pm thickness and its position changes diurnally in response to the light cycle. During the night, sulphide can diffuse from the sediment into the overlying water turning the conditions anoxic. When solar radiation is sufficiently intense, the top sediment layer and the bottom water become oxic again due to oxygenic photosynthesis and light-driven sulphide oxidation by phototrophic bacteria. A frequent or regular shift between oxic and anoxic sulphidic conditions is a common situation for mud dwelling meiofauna (Hansen et al. 1978 , J~r g e n s e n et al. 1979 al. , Revsbech et al. 1983 .
During the summer months, however, high temperature enhances the intensity of sulphate reduction and benthic respiration. Consequently, the oxygen-combining capacity of the mud exceeds the rate at which oxygen is supplied by benthic photosynthesis and diffusion from the bottom water. In this time, the entire sediment and the bottom water can remain anoxic and sulphidic for several days. Such long-lasting anoxic periods can be important in structuring benthic communities of semi-isolated pools. The mud pools are known to have been successfully colonised by only a few meiofaunal species, among them the harpacticoid copepod Cletocamptus confluens (Vopel et al. 1996) . This species has already frequently been reported from sulphidic environments. Schafer (1936) and Lasserre et al. (1975) , for instance, found C. confluens in small brackish water mud pools and in semienclosed lagoons, respectively. According to Escaravage & Castel (1990) , this species, together with nematodes and insect larvae, occurred in high abundance in a lagoon ecosystem. Furthermore, C. confluens was reported to predominate in isolated locations by Castel (1992) .
The aim of the present laboratory study was to clarify how populations of Cletocamptus confluens cope with the long-lasting periods of anoxia and exposure to the high sulphide concentrations which frequently occur in these biotopes. Assuming a stagnation period of several days, experiments were designed to test whether and to what extent a 96 h period of anoxia combined with a high sulphide concentration would affect adult males and females as well as the development of newly spawned eggs.
MATERIAL AND METHODS
Copepods. All experiments were performed with Cletocamptus confluens specimens taken from laboratory cultures. Copepods were reared in microcosms kept in a n incubator which was set to 18 h of illumination at a temperature of 20°C, and 6 h of darkness at a temperature of 18°C. The microcosms were established in glass cylinders (diameter: 6 cm, length: 23 cm) fllled wlth '4 original mud and 2/3 brackish seawater (salinity I 0 PSU). Altogether, 8389 females and 956 males of C. confluens were used.
Exposure to anoxia and sulphide. The harpacticoid copepods were exposed in natural seawater (0.2 pm filtered, salinity 10 PSU, temperature 20°C) adjusted to a pH of 6.5, 7.5 or 9.5 (50 mM HEPES buffer) under darkness and without food in stoppered flasks (volume = 17 ml, pH 7.5) or in a flow-through system (volume = 2.2 ml, flow rate = 0.06 m1 min-l, pH 6.5 and 9.5). The concentration of sulphide was adjusted by adding sodium sulphide to water which had previously been aerated with nitrogen and subsequently degassed under vacuum in an ultrasonic bath. Prior to the experiments, the buffering capacity of the HEPES system (pKs = 7.55) was tested over the experimental range of pH values using natural seawater and different buffer concentrations. At a HEPES concentration of 50 mm01 1-' the pH shift per addition of 100 pm01 1-' sulphide amounted to 0.034 and 0.066 at the lowest and the highest pH values, respectively. These values were taken into account when adjusting the pH for exposure experiments. Sulphide determination was carried out photometrically (Gilboa-Garber 1971) . Concentrations are given as total reduced sulphur concentration (ST] in the pH-dependent equilibrium H2S H HS-+ H+ tt S2-+ 2H+. The initial concentration of sulphide in the stoppered flasks decreased within 24 h from 436 + 18 to 372 + 27 pm01 1-l. Within the 96 h incubation period, the sulphide concentration decreased from 439 + 34 to 338 i 78 pm01 I-'. The sulphide concentration of the water used for the flow-through experiments decreased by a maximum of 0.5 mm01 I-' (96 h). All copepods were adapted to the incubation conditions by transferring them into filtered brackish water with the experimental pH 24 h before the exposure experiments.
Measurement of oxygen consumption. The individual oxygen consumption of non-gravid females (11 specimens) and males (6 specimens) was measured in a microrespirator using a modification of the Cartesian diver principle (Holter 1943 , Zeuthen 1950 , Klekowski 1971 . Prior to the measurements of oxygen consumption (as well as of glycogen content, see 'Determination of glycogen'), the specimens were transferred to artificial seawater, to which penicillin/streptomycin (500 U penicillin and 0.5 mg ml-l streptomycin) had been added. The experimental temperature was kept at 20 + O.Ol°C. All respiration measurements were carried out in normoxic filtered brackish water (0.2 pm pore size) at a salinity of 10 PSU. The oxygen consumption was calculated according to Klekowski (1971): where AVo,: volume of consumed oxygen within time measured (pi), Vy: volume of air bubble inside the diver (pl), AP: difference of pressures necessary to keep the diver at a defined height prior and subsequent to a measurement (mm Brodie's fluid), PO: pressure in the system (mm Brodie's fluid), and T: temperature in the system ("C). Previously determined means of dry weight (see 'Body length and dry weight') were used for calculation of the weight-specific oxygen consumption.
Determination of glycogen. In each case, 5 groups of 150 individuals served for the determination of the glycogen content of males and non-gravid females. Analyses were carried out immediately after the copepods had been taken from the cultures. An additional 4500 non-gravid females were exposed for 24 and 96 h to normoxia, anoxia and sulphidic anoxia ([ST] = 430 pm01 I-') at a pH of 7.5 and thereafter analysed for their glycogen content. Glycogen extraction, enzy-matic hydrolysis and glycogen determination were carried out according to Schottler et al. (1990) and Bergmeyer (1984) . Some modifications were necessary due to the small size of the copepods: they were rinsed with artificial seawater (salinity 10 PSU, pH ? S ) , dried with filter paper, and transferred to 0.2 m1 ice-cooled KOH (30%). After a 10 s homogenisation, samples were boiled in a water-bath for 1 h. The material was centrifuged (5400 X g) for 10 min and the supernatant decanted. Saturated Na,SO, (0.04 ml) and 1 m1 absolute ethanol were added. The mixture was boiled for another 10 min and subsequently stored at 4°C for 12 h. After centrifugation (5400 X g, 10 min) the supernatant was discarded and the pellet redissolved in acetate buffer (0.8 ml, 1.0 M, p13 4.8). Acetate buffer (0.2 ml, 0.2 M, pH 4.8) and 25 p1 amyloglucosidase were added and the sample incubated for 2.5 h at 40°C. Enzyme hydrolysis was stopped by boiling and the sample was centrifuged at 3400 X g for 10 min. Tissue extract and 0.5 mg ml-' glucose-6-phosphate dehydrogenase were added to the glucose buffer which contained 400 mM ti-iethanolamine/HCl, 5 mM Mg2+ acetate, 0.8 mM NADP and 0.7 mM ATP. The enzymatic hydrolysis was started by adding hexokinase (1 mg ml-l). Photometrical measurements were carried out at 340 nm.
Influence of anoxia and sulphide on hatching of nauplii. A total of 180 (90 per treatment) egg sac bearing females were exposed to anoxia or anoxia/sulphide (1.5 mm01 1-l) for 96 h at a pH of 6.5 and a temperature of 20°C. They were then removed and each individual placed into a dish of normoxic water. The hatching of nauplii within the incubation time and during the following 6 d was recorded. An additional 90 egg sac bearing females, kept in normoxic water for the entire period, served 2s a control group.
Developmental time. For the determination of the developmental time of Cletocamptus confluens, 37 egg sac carrying females were transferred into separate petri dishes containing normoxic seawater (salinity 10 PSU). Detritus was added and dishes were stored in an inc.ubator (16 h at 20°C and light, 8 h at 18°C and darkness). The hatching of nauplii and appearance of copepodids or adults were checked every 24 h. The same observations were carried out with the egg sac bearing females exposed to anoxia, sulphide and normoxia after the incubation period was completed (see above).
Body length and dry weight. Body length was measured by determining the distance between the end of furcal rami (without setae) and the tip of rostrum. For this purpose, 68 adult males and 34 adult females were narcotised by transferring them into seawater to which MgC12 had been added. The individual dry weight of both, sexes was calculated by weighing 20 groups, each containing 10 males or non-gravid females. Previously, all copepods had been rinsed several times in filtered brackish water (0.2 pm pore size) and kept there for at least 3 h. Thereafter, the copepods were pooled into groups of 10 and pipetted onto small sieves, rinsed with distilled water, and then dried at 50°C for 24 h.
Statistics. Data are given as means c standard deviations. The significance of differences was analyscd using the non-parametric U-test of Mann and Whitney at a significance level of 5 % (Sachs 1992) .
RESULTS

Survival under anoxic and sulphidic conditions
A total of 3000 non-gravid females (150 specimens in each of 5 replicates) were incubated in stoppered flasks under anoxic and anoxic/sulphidic conditions at pH 7.5 for 24 and 96 h. A mean of 97.4 c 0.2 (24 h) and 99.2 + 0.5 % (96 h) of the copepods survived the anoxic conditions. After sulphide exposure, survival rates of 96.6 1.4 and 97.5 + 2.5 % were obtained, respectively.
An additional 2560 non-gravid females were tested in a flow-through system at a significantly higher sulphide concentration (1.9 to 2.7 mm01 1-') and a pH of 9.5 and 6.5 for 24 and 96 h ( Table 1) . Despite the high sulphide concentrations and extreme pH values, the survival rates never dropped below 95'%. The majority of the copepods survived the experimental exposure motionless and became active again a few minutes after being transferred back to normoxic water.
In further 96 h tests, males and egg sac bearing females were exposed at pH 6.5, only, in order to keep [H2S] quantities as high as possible. In contrast to nongravid females, they showed a significantly lower ability to survive anoxia and sulphidic anoxia: the survival rates of egg sac bearing females were 50 and 66%, respectively. Males were more sensitive. Only 11% survived sulphidic anoxia and 9 "/o exposure to anoxia, the differences being not significant (Table 1) .
Impact of anoxia and sulphide on hatching and development
After 96 h exposures, egg sac bearing females were transferred into normoxic water and observed for a f.urther 6 d for the hatching of nauplii (Fig 1) . In the case of the normoxic controls, nauplii hatched from all egg sacs within the first 5 d. The nauplii of anoxically incubated females hatched within 5 d of the copepods being re-transferred to normoxic water. Here, 93 % of egg sacs tested released nauplii. Hatching was also found to be delayed in the anoxic/sulphidic incubation. (B, C) Two groups of egg sac bearing females were exposed for 4 d (grey part of arrows) to anoxia and to anoxia combined with sulphide (1.5 mm01 I-'), respectively. Afterwards they were removed to normoxic water (white part of arrows). Water temperature: 20°C; pH 6.5; salinity: 10 PSU
In such situations, nauplii hatched from 90 % of all egg sacs tested. In fact, nauplii hatched successfully even when the females died during the experiment. The time-scale of development from nauplii to the adult stages was investigated using 37 egg sac bearing females. First copepodids were observed 9.5 * 1.4 d and adults 16.1 + 1.9 d after the hatching of nauplii.
The subsequent development of nauplii which hatched from anoxia and sulphidic anoxia exposed egg sacs (see above) did not differ significantly as compared to the normoxic control in the time between hatching and the first copepodid and adult stages (Fig. 2) . In the anoxic treatments, first copepodids appeared at 
Glycogen depletion
Non-gravid female Cletocarnptus confluens taken directly from the cultures (control) had a mean glycogen content of 891.8 -t 51.0 pm01 glycosyl units g-' dw. The tissue glycogen content of males was 404.3 ? 31.4 pm01 glycosyl units g-' dw. Non-gravid females starved under normoxic conditions for 96 h contained less glycogen (725.8 ? 43.5 pm01 glycosyl units g-' dw) compared with control levels and more glycogen than copepds exposed to anoxia (565.3 + 45.4 pm01 glycosyl units g-' dw) and to sulphidic anoxia (568.5 + 32.3 pm01 glycosyl units g-' dw). There were no significant differences between glycogen levels after anoxia and sulphidic anoxia exposures irrespective of whether copepods had been exposed for 24 or 96 h (Fig. 3) .
DISCUSSION
In nature, the harpacticoids tested are exposed not only to fluctuating sulphide concentrations, but also to varying pH. In order to account for higher concentrations of the most relevant sulphide form H2S, but also HS-and S:-, our exposure experiments with nongravid females of Cletocamptus confluens were carried out over a wide range of pH. These experiments, however, did not show any significant mortality or differences as a result of pH. Non-gravid females were able to survive 96 h of exposure to anoxia and anoxia combined with extremely high sulphide concentrations, regardless whether the pH was 6.5, 7.5 or 9.5. Within the range of conditions examined there seems to exist no lethal effect of anoxia and anoxia combined with sulphide. Egg sac bearing female and male C. confluens were tested only at pH 6.5, thereby keeping the concentration of undissociated hydrogen sulphide (H2S) as high as possible. Again, there were no significant differences in the ability to survive anoxic and anoxic/sulphidic exposures. Male C. confluens were less resistant than egg sac bearing and non-gravid females. A similar sex-specific response has been shown by Tinson & Laybourn-Parry (1985) . The authors found female cyclopoid copepods to be more tolerant of anoxia than males. Differences between male and female harpacticoids were also found with respect to the effects of rotenone as well as of PCB (polychlorinated biphenyl) and PAH (polycyclic aromatic hydrocarbon) contaminations (Naess 1991 , Di Pinto et al. 1993 , Carman et al. 1995 , Carman & Todaro 1996 .
Survival under anoxia and sulphide
Species colonising sulphidic sediments possess strategies to limit sulphide toxicity and to cope with anoxia, e.g, several internal and peripheral mechanisms for sulphide detoxification and a high anaerobic capacity (e.g. Somero et al. 1989 , Vetter et al. 1991 , Vismann 1991 , Volkel & Grieshaber 1992 , Grieshaber et al. 1994 . Powell (1989) postulated that for meiofauna, due to their small size, a sulphide detoxification system running at physiologjcally reasonable rates cannot maintain the internal sulphide concentrahon below the toxic level. Therefore, thiobiotic meiofauna are inferred to be sulphide-insensitive. Possible adaptations are believed to include variation in shape, distribution and metabolic capacity of mitochondria, and the modification of cellular pH and tis-sue diffusion coefficient (Powell 1989) . Although nothing is known about the diffusion efficiency of sulphide through the exoskeleton of Cletocamptus confluens, one can expect that a 96 h exposure is sufficient to attain an equilibrium between internal and external sulphide concentrations. According to Jahn et al. (1996) , the meiobenthic ostracod Cyprideis torosa (Jones 1850) is not able to maintain a low internal sulphide level when exposed to high sulphide concentration for periods longer than 2 h. In spite of its ability to oxidise penetrating sulphide into non-toxic thiosulphate and sulphite, and valve closure, which lowers the apparent diffusion coefficient, the sulphide concentration in the tissues increased. Considering the facts that C. confluens does not possess a valve, that they were exposed to strictly anoxic conditions and tha.t their body length is only about 600 pm (smaller than C. torosa), one would expect that the equil.ibrium of the sulphide concentration inside and outside was achieved shortly after transfer to the incubation medium. Sulphide rapidIy enters the tissues via diffusion and inhibits aerobic respiration. confluens, the survival of sulphidic periods rather depends on the duration of anoxia than on the concentration of sulphide.
Anaerobic capacity and glycogen
Cletocamptus confluens contains a glycogen level of about 4 and 16% of total animal dry weight in males and non-gravid females, respectively. The dry weight of the copepods does not only involve the soft tissue, but also the exoskeleton, which results in even higher amounts per visceral tissue dry weight than those determined. Similarly hlgh contents of glycogen (per gram dry weight of soft tissue) have also been reported from bivalves (Oeschger 1990 ). For C. confluens, as well as for other marine invertebrates (0esch.ger 1990, Schijttler et al. 1990) , glycogen serves as a major energy source during anaerobiosis, a fact confirmed by the higher depletion during anoxic and sulphidic exposure compared to normoxic starvation. The lower survival of male and egg sac bearing female C. confluens is related to their lower tissue glycogen content. Nongravid females contained more than twice the amount of glycogen than males and therefore possessed a higher anaerobic capacity. Under anoxic or anoxic/ sulphidic conditions non-gravid females consumed -80 pm01 glycosyl units g-' dw d-'. The glycogen content remaining in their tissue after 4 d of anoxia amounted to 63% of the initial level and thus was still higher than that of males which were not exposed. The size of the glycogen store of non-gravid females after anoxic exposure did not differ significantly from that of copepods which were exposed to sulph~dic anoxia. Therefore, it is obvious that the consequences of each type of stress on the energy metabolism are similar. This is supported by the findings of Oeschger & Storey (1990) for the priapulid Halicryptus spinulosus (V. Siebold 1849). They suggested that there is no additional effect of sulphide exposure on the glycolytic key regulatory enzymes.
Metabolic rate
Males and, females differ not only in their survival of anoxic and sulphidic conditions and in their amount of tlssue glycogen, but also with respect to oxygen consumption at norm.oxia. Specific oxygen consumption of males lies within the range so far measured for copepods: 100 to 500 pm01 g-' dw h-' (Lasker et al. 1970 , Vernberg et al. 1977 , Hermann & Heip 1983 , Powell 1989 . These values are higher than those measured for benthic animals of various size classes: 50 to 100 pm01 g-' dw h-' (Powell 1989) . The oxygen consumption rates of non-gravid females were surprisingly low and did not conform to the above-mentioned range for copepods. A permanently low metabolic rate (u.nder normoxic conditi.ons) would allow for the low demand for ATP to be met by non-oxidative pa.thwa.ys under anoxic conditions. On the other hand, low specific oxygen consumption under normoxic conditions does not necessarily reflect total energy production since anaerobic processes may already contribute to ATP synthesis when oxygen is present (Wieser et al. 1974) .
The lower glycogen stores and higher respiration rate of males correspond to their comparatively more active behaviour. Male Cletocamptus confluens use their antennules to clasp a juvenile female during the last copepodict stages for an extended period before transferring spermatophores (K. Vopel unpubl. obs.) . This is widespread among podoplean copepods and was interpreted as mate guarding (Boxshall 1990) . Carrying a juvenile female presumably represents a selective advantage by increasing its own reproductive success, but also requires additional energy. Males obviously do not need to store energy reserves by reason of their function within the population. Males have to produce spermatophores and mate with sexually receptive females, which probably derive some advantage with respect to energy reserves from being mate guarded.
Resistance of eggs and development
During a sulphidic period, eggs are exposed to the same conditions as the adult females carrying them. The experiments showed that nauplii do not hatch from the eggs during anoxic or sulphidic conditions. Hatching takes place after normoxic conditions are restored. No differences In the hatching success between the 3 treatments could be observed. Several studies showed that copepod eggs survive anoxia for days, weeks and in some cases years (Uye & Fleminger 1976 , Ban & Minoda 1992 , Lutz et al. 1992 , Marcus et al. 1994 . Marcus et al. (1997) compared the impact of anoxia and anoxia/sulphide on the viability of eggs of 3 calanoid copepods using sulphide concentrations ranging from 283 to 352 pm01 1-' at a high pH of 8.1 to 8 7. This study indicated that early stage subitaneous copepod embryos which sink to the sea bed can survive days to weeks in the sediment. The authors also observed no significant differences in the mortality of eggs exposed to anoxia/sulphide compared to anoxia alone.
Since the time for development from nauplius to adult Cletocamptus confluens did not differ in anoxic, sulphidic and normoxic incubations, one may conclude that temporary sulphidic periods occurring in the natural environment do not have a negative impact on naupliar development. Consequently, not only nongravid females, but also the current egg sacs of egg bearing females can be seen to enhance the potential for the survival and persistence of the population during extended sulphidic periods. Even if egg bearing females die as a result of the unfavourable conditions, the eggs remain viable and nauplii hatch after the return of favourable environmental conditions, ensuring restoration of the population.
Differences in the size of glycogen stores within the population depending on sex and developmental stage likely cause variations in life-history traits when population~ of Cletocamptus confluens are exposed to prolonged anoxia and high sulphide concentration. Non-gravid females possess a higher capacity for anaerobiosis than males. Obviously, they survive stagnation periods, whereas egg bearing females and males die. Non-gravid females used in our experiments were already inseminated and potentially able to fertilise eggs in the absence of males when favourable conditions were restored. This was shown for Cletocampfus retrogressus Schmankevitch 1875 'by Champeau & Francezon (1991) with respect to summer drying in the brackish marshes of the Camargue, France. The authors suggested that eggs produced by reactivated females did not result from parthenogenetic reproduction. Inactive females that had been inseminated before drying are able to fertilise eggs with spermatozoa that have remained alive after several months in the genital tract. A similar strategy can be inferred for C, confluens. It seems that non-gravid females and egg sacs represent the potential to build up a new population after long-durat~on exposures to anoxia and sulphide. This hypothesis needs to be tested in future field and laboratory studies. 
